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Clinical PerspectiveWhat Is New?In this study we identify and present a comprehensive genome‐wide occupancy status of activated glucocorticoid receptor and glucocorticoid‐dependent change in transcriptome at an early and a late time point that contributes to the hypertrophic phenotype in cardiomyocytes.We show that early direct targets of glucocorticoid receptor include mostly transcriptional regulators followed by genes that are involved in development of cardiomyopathies and other growth‐related pathways.Ingenuity pathway analysis lists cardiac hypertrophy and failure at the top of a toxicity list for genes dysregulated after 24 hours of dexamethasone treatment.What Are the Clinical Implications?Dexamethasone, a synthetic glucocorticoid, is frequently used in clinics for its potent anti‐inflammatory effects, both locally and systemically.In vivo data in mice injected with dexamethasone for 1 or 24 hours show similar transcriptional changes in direct targets of the glucocorticoid receptor, as seen in isolated cardiomyocytes treated with dexamethasone.Therefore, understanding the downstream effects of dexamethasone is essential to understand its influence on heart, especially in cases with preexisting cardiac ailments.

Introduction {#jah33949-sec-0008}
============

Glucocorticoids (Gc) and mineralocorticoids, classified as corticosteroids, are secreted from the adrenal cortex and play a vital role in many physiological processes including organogenesis, fluid balance, and responses to cellular stress. They have also been implicated in many pathophysiological conditions, including cardiovascular disease states such as hypertension and cardiac failure.[1](#jah33949-bib-0001){ref-type="ref"}, [2](#jah33949-bib-0002){ref-type="ref"} Nuclear receptor subfamily 3, group C, member 1 and nuclear receptor subfamily 3, group C, member 2 code for the glucocorticoid receptor (GR) and mineralocorticoid receptor, respectively.[3](#jah33949-bib-0003){ref-type="ref"} Activation of these cytoplasmic receptors by binding of respective ligands results in their nuclear translocation, where they function as transcription factors by binding to the genome and mediating changes in gene expression. Cytoplasmic GR is associated with a chaperone complex that includes HSP90, HSP70, and several cochaperones, which control GR translocation and abundance, thus regulating its function.[4](#jah33949-bib-0004){ref-type="ref"}, [5](#jah33949-bib-0005){ref-type="ref"}, [6](#jah33949-bib-0006){ref-type="ref"}

The mineralocorticoid receptor has an affinity to bind to both Gc and mineralocorticoids, whereas GR has a high affinity for Gc. Interestingly, due to domain similarities, mineralocorticoid receptor and GR have been shown to exhibit common genomic binding sites, albeit with different downstream effects with respect to transcriptomes and functions.[7](#jah33949-bib-0007){ref-type="ref"} There is consistency between the role of mineralocorticoid receptors in the heart and their effects under cardiac stress conditions; however, the effects of GR activation in cardiomyocytes have been conflicting and require detailed systematic examination, especially because circulating serum Gc has been associated with increased mortality in patients with heart failure.[8](#jah33949-bib-0008){ref-type="ref"}, [9](#jah33949-bib-0009){ref-type="ref"}

GR is highly expressed in cardiomyocytes and has both genomic and nongenomic effects. Dexamethasone (dex)‐mediated activation of GR results in an increase in cardiomyocyte size, suggesting that GR activation is sufficient for cardiomyocyte hypertrophy, which is further exaggerated in the presence of growth stimulation.[10](#jah33949-bib-0010){ref-type="ref"} Interestingly, although studies have shown this phenotype in isolated myocytes,[11](#jah33949-bib-0011){ref-type="ref"}, [12](#jah33949-bib-0012){ref-type="ref"}, [13](#jah33949-bib-0013){ref-type="ref"} mice with cardiac‐specific knockdown of GR also presented with a similar phenotype of hypertrophy and cardiac failure as early as 3 months of age.[14](#jah33949-bib-0014){ref-type="ref"} GR function is essential for heart development, where GR activation is associated with cardiomyocyte differentiation in fetal and neonatal cardiomyocytes.[15](#jah33949-bib-0015){ref-type="ref"}, [16](#jah33949-bib-0016){ref-type="ref"}, [17](#jah33949-bib-0017){ref-type="ref"}, [18](#jah33949-bib-0018){ref-type="ref"} GRs also modulate cardiac metabolism[19](#jah33949-bib-0019){ref-type="ref"}, [20](#jah33949-bib-0020){ref-type="ref"}, [21](#jah33949-bib-0021){ref-type="ref"} and have been shown to alter calcium signaling in cardiomyocytes, contributing to cardiac remodeling and dysfunction.[22](#jah33949-bib-0022){ref-type="ref"}, [23](#jah33949-bib-0023){ref-type="ref"} Nongenomic effects of the GR have been attributed to its localization to cell membrane and mitochondria after Gc‐GR binding,[24](#jah33949-bib-0024){ref-type="ref"} which may be working in coordination with the genomic targets to mediate downstream function and contributing to the hypertrophic phenotype. These studies highlight the importance and the critical balance of GR signaling in cardiac myocytes and its function as an inducer of hypertrophy and failure versus its role in restraining cardiac fibrosis and preventing cardiac failure.

In this study we examined the GR signaling in cardiac myocytes in a systematic and detailed whole‐genome approach, which led to identification of the novel direct and secondary targets of GR in cardiac myocytes. Here, we present the GR‐dependent changes in the cardiomyocyte transcriptome that play a role in development of the observed hypertrophic phenotype.

Materials and Methods {#jah33949-sec-0009}
=====================

We have provided all the supporting data and results in this article and online supplementary files.

Neonatal Myocyte Culture and Treatments {#jah33949-sec-0010}
---------------------------------------

Neonatal myocytes were cultured as previously described.[25](#jah33949-bib-0025){ref-type="ref"} Briefly, hearts from 1‐day‐old Sprague‐Dawley rats were isolated and dissociated. Enrichment of cardiac myocytes was performed using a Percoll gradient followed by differential preplating to eliminate any contaminating nonmyocytes. Cells were plated in DMEM‐F12 (high glucose with L‐glutamine and HEPES) with 10% fetal bovine serum for 24 hours, at which time the medium was changed to serum‐free medium. Cultured cardiomyocytes were treated with ethanol 100% (diluent control) or dexamethasone (D1756, Sigma, St. Louis, MO) 100 nmol/L for additional time periods of 1 hour, 6 hours or 24 hours, as indicated. The isolation of primary cardiomyocyte was approved by the Institutional Animal Care and Use Committee at Rutgers, The State University of New Jersey. Female Sprague‐Dawley rats with 1‐day‐old litters (male and female) were purchased from Envigo Inc, Princeton, NJ.

ChIP‐Seq {#jah33949-sec-0011}
--------

Neonatal cardiac myocytes cultured from 40 hearts isolated from 1‐day‐old Sprague‐Dawley rat pups were treated with ethanol (control) or dexamethasone (100 nmol/L) for 1 hour; cells were fixed, collected, and sent to Active Motif (Carlsbad, CA) for GR chromatin immunoprecipitation sequencing (ChIP‐Seq). GR ChIP‐Seq was performed using anti‐GR antibody (sc‐8992, Santa Cruz Biotechnology, Dallas, TX) on 25 μg of chromatin from control, dex‐treated, and input samples by Illumina (San Diego, CA) NextSeq 500 sequencing.

ChIP‐Seq Data Analysis {#jah33949-sec-0012}
----------------------

Bioinformatics on the sequencing data generated was performed by Active Motif, Inc, as described previously.[26](#jah33949-bib-0026){ref-type="ref"}, [27](#jah33949-bib-0027){ref-type="ref"} The data explanation from Active Motif includes the following: *Sequence analysis:* A 75‐nt sequence generated by sequencing reads was mapped to the rn5 genome using the BWA algorithm, and the information was stored in BAM format. Only reads that aligned with no more than 2 mismatches and mapped uniquely were used in the analysis. *Determination of Fragment Density:* Aligned reads (tags) were extended in silico at their 3′ ends to a length of 150 to 250 bp. To identify the density of fragments along the genome, the genome was divided into 32‐nt bins, and the number of fragments in each bin was determined, stored in a bigwig file, and visualized on genome browsers. *Peak Finding:* Genomic regions with enrichments in tag numbers were termed "intervals" and defined by the chromosome number and start and end coordinates. Then 13 366 963 normalized tags were used for peak calling using a MACS 2.1.0 algorithm[28](#jah33949-bib-0028){ref-type="ref"} with default cutoff *P* value 10^--7^ for narrow peaks and 0.1 for broad peaks. The MACS method was suitable for identifying binding sites of transcription factors with discrete binding sites such as consensus sequence or histone marks. The MACS method looked for significant enrichments in the ChIP‐IP data file when compared with the input data file. Peak filtering was performed by removing false ChIP‐Seq peaks as defined within the ENCODE blacklist.*Active regions:* To compare peak metrics between 2 samples, overlapping intervals were grouped into "active regions," defined by the start coordinate of the most upstream interval and the end coordinate of the most downstream interval. In locations where only 1 sample had an interval, that interval defined the active region. *Annotations:* Intervals, active regions, their genomic locations along with proximities to gene annotations, and other genomic features were determined and presented in an Excel spreadsheet. Average and peak fragment densities within intervals and active regions were compiled. Data obtained were sorted based on the ratio of dex versus control, and subsets were made for manuscript preparation with proper data representation and presentation.

RNA Sequencing {#jah33949-sec-0013}
--------------

Neonatal cardiac myocytes cultured similarly to those for ChIP‐Seq were treated with ethanol (control) or dexamethasone (100 nmol/L) for 1 or 24 hours. RNA sequencing (RNAseq) was performed independently on RNA obtained from 2 cultures and presented as their average. Cells were sent to Active Motif for RNA isolation and RNAseq, followed by bioinformatics, which included data analysis and integration with GR ChIP‐Seq data. Directional poly‐A RNAseq libraries were prepared and sequenced as P75 (75‐bp paired‐end reads) on Illumina NextSeq 500 to a depth of 47 to 53 mol/L read pairs. The "TopHat" algorithm was used to align the reads to the rn5 genome. The alignments in the BAM files were further analyzed using the Cufflinks suite of programs. Cufflinks was run using the rn5 genes as reference database, and output shows the known genes with their RNAseq metrics (as fragments per kilobase of exon model per million mapped fragments), but novel transcripts were not identified. RNA from 2 independent cultures (n=2) were analyzed as 3×2 replicate samples generating 6 Cufflinks outputs, which were compared using Cuffdiff. All these files were opened and converted to Excel (Microsoft, Redmond, WA) tables. The Excel tables include q‐ and *P* values, and by default, genes with q‐values \<0.05 were designated as significant. RNAseq data were verified by quantitative polymerase chain reaction (qPCR) for mRNA abundance of selected genes. The data were further integrated with the GR ChIP‐Seq using active regions, which were sorted based on log2‐fold change (Log2FC) for categorization and analysis. Heatmap for the differentially regulated genes was generated using Heatmapper,[29](#jah33949-bib-0029){ref-type="ref"} with complete linkage for clustering and Euclidean distance measurement method. Box plots and Log2FC graphs were generated using Prism 7, and qPCR data were graphed using Microsoft Excel.

Genome Browsers {#jah33949-sec-0014}
---------------

Integrated Genomic Viewer[30](#jah33949-bib-0030){ref-type="ref"} was used for visualization of integrated GR ChIP‐Seq and RNAseq data.

Gene Expression Omnibus Submissions {#jah33949-sec-0015}
-----------------------------------

GR ChIP‐Seq and RNAseq data have been uploaded to NCBI Gene Expression Omnibus with series GSE114767, which is a superseries of GSE116616 (ChIP‐Seq data) and GE114766 (RNAseq data). RNA pol II ChIP‐Seq data are available on Gene Expression Omnibus with series GSE50637.

ChIP Quantitative PCR {#jah33949-sec-0016}
---------------------

Cultured rat neonatal cardiomyocytes were treated with ethanol or dexamethasone (100 nmol/L) for 1 or 24 hours. The cells were fixed and collected as described previously.[26](#jah33949-bib-0026){ref-type="ref"} ChIP was performed using anti--pol II antibody (ab5095) or IgG (antirabbit) following Abcam (Cambridge, UK) ChIP protocol X‐ChIP. Sonication to shear DNA was performed using an S2 Covaris (Woburn, MA) sonicator. Quantitative PCR was performed on immunoprecipitated DNA fragments using primer‐probe sets ordered from Integrated DNA Technologies (Coralville, IA) encompassing the transcription start site of *Trapp6b* and *Mapk1* specific to rat genome.

Immunocytochemistry {#jah33949-sec-0017}
-------------------

Cells were fixed as described previously.[31](#jah33949-bib-0031){ref-type="ref"} Cells were stained using anti‐GR (3660S, Cell Signaling Technology, Danvers, MA) and antiactinin (A7732, Sigma, St. Louis, MO). Prolong gold (Invitrogen, Carlsbad, CA) used for mounting contains DAPI for nuclear staining. Image J[32](#jah33949-bib-0032){ref-type="ref"} was used for cell surface area measurements for isolated cardiomyocytes.

Western Blotting {#jah33949-sec-0018}
----------------

Cardiomyocytes were fractionated using a subcellular protein fractionation kit for cultured cells (Thermo Fisher, Waltham, MA; cat \# 78840) per the manufacturer‐provided protocol. Lysate was separated on gradient (4% to 12%) XT gels (Bio‐Rad, Hercules, CA) and probed for anti‐GR (3660S, Cell Signaling), anti‐GAPDH (97166S, Cell Signaling), and anti‐H2b (12364S, Cell Signaling).

Quantitative PCR {#jah33949-sec-0019}
----------------

Total RNA was isolated from cardiomyocytes after the indicated treatments and was reverse‐transcribed to cDNA using a High‐Capacity cDNA Reverse Transcription Kit (Thermo Fisher), as advised in manufacturer\'s protocol. The cDNA was used for qPCR with an Applied Biosystems 7500 thermocycler using Taqman gene expression assays (a complete list of assays with IDs is given in Table [S1](#jah33949-sup-0002){ref-type="supplementary-material"}).

Dex Injections in Mice {#jah33949-sec-0020}
----------------------

C57/BL mice (male, 10 weeks) were administered 10 mg/kg of dexamethasone (Sigma) via intraperitoneal injections. Hearts were extracted after 1 or 24 hours for protein and mRNA analysis.

Statistics {#jah33949-sec-0021}
----------

Statistical differences between groups were calculated using an unpaired, 2‐tailed Student t test (Excel software). *P*\<0.05 was considered significant. Data analysis and statistics for ChIP‐Seq and RNAseq are included in their respective sections.

Results {#jah33949-sec-0022}
=======

Dex‐Induced Nuclear Translocation of GR Is Associated With Cardiomyocyte Hypertrophy {#jah33949-sec-0023}
------------------------------------------------------------------------------------

To determine the expression pattern and dynamics of GR in cardiomyocytes, we treated neonatal rat ventricular cardiomyocytes with dexamethasone for 1, 6, and 24 hours. We observed nuclear translocation of GR by 1 and 6 hours, followed by diffuse cytosolic and nuclear distribution by 24 hours (Figure [1](#jah33949-fig-0001){ref-type="fig"}A). We also confirmed the dex‐induced cytoplasmic‐to‐nuclear translocation of GR by Western blotting (Figure [1](#jah33949-fig-0001){ref-type="fig"}B and [1](#jah33949-fig-0001){ref-type="fig"}C). We observed a significant increase in cardiomyocyte surface area after 24 hours of dex treatment indicating cardiomyocyte hypertrophy (Figure [1](#jah33949-fig-0001){ref-type="fig"}D), which is consistent with the study by Ren et al[10](#jah33949-bib-0010){ref-type="ref"} showing similar changes in phenotype in H9c2 cells and neonatal cardiomyocytes with dex treatment for 72 hours. In addition, we confirmed similar translocations and increases in cell size in adult mouse ventricular cardiomyocytes in the presence of dex from increasing time periods of 1 and 24 hours (Figure [S1](#jah33949-sup-0001){ref-type="supplementary-material"}A through S1C). These results suggest that dex is sufficient to induce nuclear GR translocation and cardiomyocyte hypertrophy.

![Dexamethasone induces nuclear translocation of the glucocorticoid receptor that is associated with cardiomyocyte hypertrophy. **A**, Neonatal rat ventricular cardiomyocytes were treated with dexamethasone (100 nmol/L) or ethanol for increasing time periods of 1, 6, or 24 hours before fixing and staining for glucocorticoid receptor, α‐actinin (myocyte specificity), and DAPI (nucleus). Scale bar 10 μmol/L. **B**, Western blot showing cytoplasmic and nuclear fractions of neonatal rat ventricular myocytes cultured and treated with dexamethasone for increasing time periods of 1, 6, and 24 hours. Blots probed for glucocorticoid receptor (Nr3c1, nuclear receptor subfamily 3 group C member 1), GAPDH, and histone 2b. **C**, Signal intensities of the cytoplasmic glucocorticoid receptor normalized to GAPDH and nuclear glucocorticoid receptor normalized to histone 2b are shown. ImageJ was used for quantification. **D**, Graph represents cardiomyocyte area as measured using ImageJ software, tabulated and graphed in Prism 7 (GraphPad, La Jolla, CA) to show change in cell size with dexamethasone treatments, as indicated. All experiments shown were repeated as independent triplicates, \**P*\<0.05. Dex indicates dexamethasone; GR, glucocorticoid receptor; H2b, histone 2b.](JAH3-8-e011484-g001){#jah33949-fig-0001}

GR ChIP‐Seq Identifies 11 658 GR Binding Sites Associated With 6482 Genes After Dex Treatment {#jah33949-sec-0024}
---------------------------------------------------------------------------------------------

To identify transcriptional targets of GR, we performed ChIP‐Seq with antibody against GR in isolated neonatal cardiomyocytes and treated them with ethanol (control) or dex (100 nmol/L) for 1 hour. The data revealed 11 658 merged active regions (overlapping intervals) of genomic GR binding sites (gGRbs) in ethanol‐treated (control) and dex‐treated cardiomyocytes. Of those, 11 628 regions were unique only to dex‐treated cardiomyocytes, 2 to control cardiomyocytes, and 28 regions were common to both (Figure [2](#jah33949-fig-0002){ref-type="fig"}A). We compared the peak size metrics and correlation in these active regions by tabulating the number of tags that showed a significant increase after dex versus control (shown as box plot in Figure [2](#jah33949-fig-0002){ref-type="fig"}B). Similarly, we generated heat maps to determine tag distributions across active regions (Figure [S2](#jah33949-sup-0001){ref-type="supplementary-material"}A). In addition, we graphed cumulative average values across the transcription start sites and gene bodies (Figure [S2](#jah33949-sup-0001){ref-type="supplementary-material"}B) for control and dex‐treated cardiomyocytes and input samples. These data showed significant enrichment of tags (gGRbs) in dex‐treated samples versus control, especially near transcription start sites. The number of gGRbs we identified in cardiomyocytes was similar to those reported in mouse mammary cells and pituitary AtT‐20 cells, showing 8236 binding sites after 1 hour of dex,[33](#jah33949-bib-0033){ref-type="ref"} and in A549 human lung epithelial cells with 4392 and 29 432 sites after 1 and 3 hours of dex, respectively.[34](#jah33949-bib-0034){ref-type="ref"}, [35](#jah33949-bib-0035){ref-type="ref"} Motif search using MEME/TOMTOM with the top 1000 peaks from GR ChIP‐Seq data identified Glucocorticoid response element (GRE) with an E‐value of 1.1×10^--580^ (Figure [S2](#jah33949-sup-0001){ref-type="supplementary-material"}C).[36](#jah33949-bib-0036){ref-type="ref"} Next, we correlated these GR binding sites with annotated genes. A GR binding region within the gene 10 kb upstream or 10 kb downstream of the gene structure was considered associated with that gene and to possibly have regulatory influence on that gene\'s transcription. Interestingly, when we compared average peak value of dex versus control cardiomyocytes, 99.91% of genes (7075 out of 7080) showed ratios ≥1 (Figure [2](#jah33949-fig-0002){ref-type="fig"}C), suggesting an increase in GR tags after dex, and only 0.08% (6 out of 7080) had ratios \<1, that is, dex decreased GR tags versus control (Figure [2](#jah33949-fig-0002){ref-type="fig"}D). Of the 7080 genes, 6482 genes showed a ≥2‐fold change in GR occupancy and were associated with at least 1 active region; interestingly, 6481 genes showed increase (Log2FC\>1) in gGRb, and only 1 gene showed a decrease (Log2FC\<1) with dex treatment. Our data showed that a majority of these genes (66%) were associated with only 1 active region, while 34% had \>1 active region (Figure [S2](#jah33949-sup-0001){ref-type="supplementary-material"}D). Next, we generated a pie chart that showed the distribution of peaks in control and dex‐treated samples to determine the location of peaks with respect to genomic annotations (Figure [S2](#jah33949-sup-0001){ref-type="supplementary-material"}E). These results for the first time reveal widespread gGRb on the cardiac genome after dex stimulation and conceivably identify genes that are regulated and contribute to dex‐induced cardiac hypertrophy.

![Genomic GR binding sites identified by GR ChIP‐Seq in cardiomyocytes after 1 hour of Dex treatment. **A**, Venn diagram showing the number of active regions (actual binding sites) in control (ethanol) and dexamethasone (Dex, 100 nmol/L)‐treated rat ventricular neonatal cardiomyocytes. **B**, Box plot comparing peak tag numbers in control and Dex‐treated samples. Boxed area represents center 2 quartiles, notched line is median, and the whiskers show the top and bottom quartiles without outliers. **C**, Box plot showing average peak density in genes (99.91% of genes with active regions) sorted based on the ratio ≥1 in Dex‐treated vs control samples. **D**, Box plots showing average peak density in genes (0.08% of genes with active regions) sorted based on ratio ≤1 in Dex‐treated vs control samples. AcR indicates active regions; Ave, average; ChIP‐Seq, chromatin immunoprecipitation sequencing; Dex, dexamethasone; GR, glucocorticoid receptor.](JAH3-8-e011484-g002){#jah33949-fig-0002}

Early Targets of GR Include Regulators of RNA pol II‐Dependent Transcription and Gene Expression in Cardiomyocytes {#jah33949-sec-0025}
------------------------------------------------------------------------------------------------------------------

Our GR ChIP‐Seq data identified 6482 genes associated with gGRb in cardiomyocytes after dex treatment. Therefore, to determine changes in transcriptional status, we performed RNAseq on isolated neonatal ventricular cardiomyocytes (2 independent cultures, n=2) treated with ethanol or dex for 1 or 24 hours. We selected these time points for transcriptome analysis because 1 hour is sufficient for maximum GR nuclear translocation, and we observed significant increase in cardiomyocyte size by 24 hours, indicating cardiomyocyte hypertrophy. Of the 11 546 transcripts that were sequenced, a total of 738 showed significant change (q‐value \<0.5) with dex. After 1 hour, 98 genes (\<1% of all sequenced transcripts and 13.39% of those differentially regulated) exhibited a change in transcript abundance (Figure [3](#jah33949-fig-0003){ref-type="fig"}A and Figure [S3](#jah33949-sup-0001){ref-type="supplementary-material"}). After 24 hours, 640 additional genes (5.54% of all sequenced transcripts and 86.72% of those differentially regulated) showed a change in transcript abundance; there were also 55 genes that were common to both time points (Figure [3](#jah33949-fig-0003){ref-type="fig"}A). We generated a heat map using Log2FC values to show the differential change in gene expression after 1 and 24 hours of dex versus control in cardiomyocytes (Figure [3](#jah33949-fig-0003){ref-type="fig"}B, Table [S2](#jah33949-sup-0002){ref-type="supplementary-material"}).

![Differential transcriptome in cardiomyocytes treated with Dex for 1 and 24 hours. **A**, Venn diagram showing numbers and percentages of mRNA transcripts differentially regulated in cardiomyocytes treated with dexamethasone for 1 and 24 hours, along with transcripts changed under both conditions, compared with control cells, as measured by RNAseq. **B**, Heatmap displaying the 739 differentially regulated genes in cardiomyocytes treated with dexamethasone for 1 or 24 hours vs control (ethanol). Heatmap was generated using HeatMapper, with Complete linkage clustering method and Euclidean method for distance measurement. Dex indicates dexamethasone; Log2FC, log2‐fold change.](JAH3-8-e011484-g003){#jah33949-fig-0003}

Further, we correlated expressed genes with their gGRb status, which showed that 358 (48.5%) differentially regulated genes were associated with gGRb, whereas 380 genes did not show gGRb in or within 10 kb upstream or downstream of their gene structure (Figure [4](#jah33949-fig-0004){ref-type="fig"}A). Interestingly, 5744 genes did associate with GR but did not show significant change (\<2‐fold change) in transcript abundance or were not identified in RNAseq (Figure [4](#jah33949-fig-0004){ref-type="fig"}A). These results are consistent with the study in A549 cells, which reported that 84% of the 10 963 GR binding sites tested showed less than a 2‐fold change in reporter assay, suggesting "modest" change due to GR regulatory activity.[35](#jah33949-bib-0035){ref-type="ref"} Further, we correlated 738 differentially regulated genes at the 2 measured time points with their gGRb status. After 1 hour of dex treatment, 68 of 98 (69.38%) genes with significant change were associated with gGRb, whereas 30 (30.61%) genes showed no association to gGRb. On the other hand, after 24 hours of dex, 290 out of 640 (45.31%) differentially regulated genes were associated with gGRb, whereas 350 (54.69%) genes were not associated with gGRb (Figure [4](#jah33949-fig-0004){ref-type="fig"}B). These data suggest that activation of GR signaling in cardiomyocytes results in an initial change in expression of mostly direct targets of GR followed by more genes that are either indirect targets or secondary to hypertrophy phenotype. In Figure [4](#jah33949-fig-0004){ref-type="fig"}C, we show the graph with Log2FC values of 68 genes that exhibit significant differential regulation (Log2FC ≥1) and gGRb at 1 hour and the corresponding changes after 24 hours of dex compared with control cardiomyocytes (Figure [4](#jah33949-fig-0004){ref-type="fig"}C and Figure [S3](#jah33949-sup-0001){ref-type="supplementary-material"}). In Figure [4](#jah33949-fig-0004){ref-type="fig"}D, we show representative screenshot images of *Pdk4, Abra, Sgk1, Klf10,* and *Hes1* genes from an integrated genome viewer that are differentially regulated by 1 hour of dex and are associated with gGRb (Figure [4](#jah33949-fig-0004){ref-type="fig"}D). We confirmed the change in mRNA abundance of selected genes listed in this group in cardiomyocytes treated with dex for increasing time periods of 1, 6, and 24 hours (Figure [4](#jah33949-fig-0004){ref-type="fig"}E). Interestingly, gene ontology for functional annotation using DAVID (Database for Annotation, Visualization and Integrated Discovery) Bioinformatics Resources 6.8[37](#jah33949-bib-0037){ref-type="ref"}, [38](#jah33949-bib-0038){ref-type="ref"} categorized these genes as regulators of gene transcription from RNA polymerase II promoter, followed by those involved in cell death, response to lipopolysaccharide, and mechanical or insulin stimulus (Figure [4](#jah33949-fig-0004){ref-type="fig"}F, Figure [S4](#jah33949-sup-0001){ref-type="supplementary-material"}). Previous studies have shown association of these genes, such as *Abra,* [39](#jah33949-bib-0039){ref-type="ref"} *Klf10,* [40](#jah33949-bib-0040){ref-type="ref"} *Pdk4,* [41](#jah33949-bib-0041){ref-type="ref"} and *Sgk1* [42](#jah33949-bib-0042){ref-type="ref"} in development of hypertrophic cardiomyopathy.

![Early targets of GR include regulators of pol II--dependent transcription and gene expression in cardiomyocytes. **A**, The graph represents the numbers of genes with or without GR association, sorted into genes that show significant differential regulation and genes that do not show significant change in transcript abundance. **B**, The graph represents the number of genes differentially regulated and the status of GR genomic association at the 1‐hour and 24‐hour time points of dexamethasone treatment. **C**, Genes with significant change in mRNA transcript that are associated with genomic GR binding at 1 hour along with corresponding change after 24 hours of dexamethasone treatment are graphed and presented based on log2‐fold change (Log2FC) value. **D**, Integrated genomic viewer screenshots of selected representative genes with integrated RNAseq and GR ChIP‐Seq data, showing change in the transcript after 1 and 24 hours of dexamethasone along with genomic GR binding status of genes that are differentially regulated at 1 hour dexamethasone treatment compared with control (ethanol) cardiomyocytes. Arrows indicate the direction of transcription of that gene, numbers in brackets in the Y axis indicate the values on signal tracks for GR ChIP‐Seq and RNAseq for each gene. The values were kept the same within the samples for each gene. **E**, Relative transcript abundance of selected genes as measured by quantitative polymerase chain reaction in cardiomyocytes treated with dexamethasone for 1, 6, or 24 hours. Error bars represent SEM, \**P*\<0.05 compared with control, n=3. **F**, Functional annotation of genes that show significant differential regulation after 1 hour of dexamethasone treatment that are associated with genomic GR, as analyzed using DAVID; top 15 groups are shown with number of genes and *P* value (full table with all the categorized genes in Figure [S4](#jah33949-sup-0001){ref-type="supplementary-material"}). DAVID indicates Database for Annotation, Visualization and Integrated Discovery; Dex, dexamethasone; GR, glucocorticoid receptor.](JAH3-8-e011484-g004){#jah33949-fig-0004}

Similarly, we graphed 30 genes that exhibit change in transcript abundance after 1 hour of dex but are not associated with gGRb, along with corresponding changes at 24 hours (Figure [S5](#jah33949-sup-0001){ref-type="supplementary-material"}A). In Figure [S5](#jah33949-sup-0001){ref-type="supplementary-material"}B, we show screenshot images from an integrated genome viewer browser showing representative genes from this group (Figure [S5](#jah33949-sup-0001){ref-type="supplementary-material"}B). We confirmed the expression changes of these genes in neonatal cardiomyocytes treated with dex for increasing time periods (Figure [S5](#jah33949-sup-0001){ref-type="supplementary-material"}C). Interestingly, functional annotation revealed that most of these genes are involved in heart development, cell‐cell junction organization, Ca^2+^ transport, and G protein--coupled receptor signaling (Figure [S5](#jah33949-sup-0001){ref-type="supplementary-material"}D), some of which might be regulated via nongenomic actions of Gc‐GR signaling. These data suggest that an early change in a small set of genes with dex, mostly transcription regulators, might mediate change in expression of additional signaling genes, which potentially contribute to the development of cardiomyocyte hypertrophy.

Genes Mostly Involved in Growth‐Related Pathways and Cardiomyopathy Differentially Regulated After 24 Hours of Dex Treatment {#jah33949-sec-0026}
----------------------------------------------------------------------------------------------------------------------------

We examined genes that exhibit significant changes only after 24 hours of dex, which includes genes with and without gGRb association (Figure [4](#jah33949-fig-0004){ref-type="fig"}B). We plotted graphs of these genes with Log2FC values to show the corresponding changes in the transcript after 1 and 24 hours of dex (Figure [5](#jah33949-fig-0005){ref-type="fig"}A; Table [S3](#jah33949-sup-0004){ref-type="supplementary-material"}). As anticipated by the hypertrophy phenotype, functional annotation (DAVID) grouped these genes as mostly those that are involved in focal adhesion, extracellular matrix--receptor interaction, dilated and hypertrophic cardiomyopathy, and other growth‐related pathways such as PI3K‐Akt signaling, adrenergic signaling in cardiomyocytes, insulin signaling, calcium signaling pathways, and Hippo signaling (Figure [5](#jah33949-fig-0005){ref-type="fig"}B, Figure [S6](#jah33949-sup-0001){ref-type="supplementary-material"}). We validated the expression of selected relevant genes from the RNAseq by qPCR in cardiomyocytes treated with dex for increasing time periods of 1, 6, and 24 hours (Figure [5](#jah33949-fig-0005){ref-type="fig"}C). We show screenshots of relevant representative genes as visualized on an integrated genome viewer browser displaying integrated RNAseq and GR‐ChIP‐Seq data. In Figure [5](#jah33949-fig-0005){ref-type="fig"}D, *Myoz2* and *Myocd* are shown as examples of differentially regulated genes and associated with gGRb, and Figure [5](#jah33949-fig-0005){ref-type="fig"}E shows *Agtr1a, Ace,* and *Myl2* as genes changed by not associating with gGRb. These genes could be direct or indirect targets of GR; alternatively, these changes could be secondary to the hypertrophy phenotype we observed after 24 hours of dex treatment. Nevertheless, these results indicate that Gc stimulation in cardiomyocytes leads to change in the transcriptome that is involved in the development of cardiomyocyte hypertrophy.

![Genes involved in growth‐related pathways and cardiomyopathy are differentially regulated after 24 hours of dexamethasone treatment. **A**, Graph represents genes that are differentially regulated at 24 hours, along with the corresponding changes at 1 hour of dexamethasone treatment in cardiomyocytes (gene list provided as Table [S3](#jah33949-sup-0004){ref-type="supplementary-material"}). **B**, Functional annotation of genes regulated only after 24 hours of dexamethasone treatment were analyzed using DAVID, and relevant groups with number of genes and *P* value are shown (all categorized groups shown in Figure [S6](#jah33949-sup-0001){ref-type="supplementary-material"}). **C**, Transcript abundance of selected genes as measured by qPCR in neonatal ventricular cardiomyocytes treated with dexamethasone for 1, 6, or 24 hours. Error bars represent SEM, \**P*\<0.05 compared with control, n=3. **D**, Integrated genomics viewer screenshots of selected representative genes with RNAseq and GR ChIP‐Seq data, showing change in the transcript after 1 and 24 hours of dexamethasone along with genomic GR binding status of these genes at 1 hour of dexamethasone treatment compared with control (ethanol) cardiomyocytes. ChIP‐Seq indicates chromatin immunoprecipitation sequencing; DAVID, Database for Annotation, Visualization and Integrated Discovery; Dex, dexamethasone; GR, glucocorticoid receptor; qPCR, quantitative polymerase chain reaction; RNAseq, RNA sequencing.](JAH3-8-e011484-g005){#jah33949-fig-0005}

Majority of Genes With Genomic GR Binding Show Incremental Changes in Transcript Abundance and Are Categorized as Genes Involved in Basic Cellular Processes {#jah33949-sec-0027}
------------------------------------------------------------------------------------------------------------------------------------------------------------

Our ChIP‐Seq data revealed at least 6482 genes that are associated with gGRb, which resulted in significant differential regulation in 738 genes (11.38%); 5744 genes (88.61%, including genes with no significant difference in mRNA abundance and transcripts that did not sequence) did not show significant change. Of the latter set of genes, 4954 (76.42%) passed the quality check and were included in further analysis. Functional annotation identified these genes as mostly involved in basic cellular processes such as protein processing in endoplasmic reticulum, spliceosome, the MAPK signaling pathway, proteasomes, ubiquitin‐mediated proteolysis, ribosomes, and metabolic pathways (Figure [6](#jah33949-fig-0006){ref-type="fig"}A and Figure [S7](#jah33949-sup-0001){ref-type="supplementary-material"}). In Figure [6](#jah33949-fig-0006){ref-type="fig"}B, we show *Trapp6b, Pnn, Scd4, Rab12, Sumo2,* and *Mapk1* as representative genes with associated gGRb but no significant change in transcript abundance (Figure [6](#jah33949-fig-0006){ref-type="fig"}B). We confirmed the expression of these genes, which showed a slight change of 1.15‐ to 1.3‐fold in mRNA levels (Figure [6](#jah33949-fig-0006){ref-type="fig"}C), consistent with a report in A549 cells showing modest changes in regulatory activity for most GR binding sites.[35](#jah33949-bib-0035){ref-type="ref"} Interestingly, these genes overlapped with genes that are regulated by promoter clearance of paused RNA pol II in hearts undergoing hypertrophy (Figure [S8](#jah33949-sup-0001){ref-type="supplementary-material"}A)[26](#jah33949-bib-0026){ref-type="ref"} and possibly might be undergoing similar transcriptional regulation in cardiomyocytes with dex treatment. On the other hand, genes with significant differential change and gGRb association after 1 hour of dex in cardiomyocytes (eg, *Abra, Pdk4, Klf10, Hes1*) displayed overall change in RNA pol II recruitment and distribution on gene structures in vivo with hypertrophy compared with sham hearts (Figure [S8](#jah33949-sup-0001){ref-type="supplementary-material"}B).[26](#jah33949-bib-0026){ref-type="ref"} RNA pol II‐ChIP‐qPCR on representative genes (*Trapp6b* and *Mapk1*) showed a decrease in RNA pol II occupancy at the transcription start site of these genes with dex treatment (Figure [S8](#jah33949-sup-0001){ref-type="supplementary-material"}C) accompanied by incremental changes in transcript, as shown in Figure [6](#jah33949-fig-0006){ref-type="fig"}C. Thus, we propose that the expression of these genes might be regulated by promoter clearance of paused pol II.

![Incremental changes in most of genes with genomic GR association in cardiomyocytes with dexamethasone treatment. **A**, Functional annotation of genes that show less than a 2‐fold change in transcript abundance and are associated with genomic GR binding; groups with number of genes and *P* value are shown (all categorized groups shown in supporting information). **B**, Integrated genomics viewer screenshots of selected representative genes with RNASseq and GR ChIP‐Seq data, showing change in the transcript after 1 and 24 hours of dexamethasone along with genomic GR‐binding status of these genes at 1 hour of dexamethasone treatment compared with control (ethanol) cardiomyocytes. **C**, Transcript abundance of selected genes as measured by qPCR in neonatal ventricular cardiomyocytes treated with dexamethasone for 1, 6, or 24 hours. Error bars represent SEM, n=3. ChIP‐Seq indicates chromatin immunoprecipitation sequencing; Dex, dexamethasone; GR, glucocorticoid receptor; qPCR, quantitative polymerase chain reaction; RNAseq, RNA sequencing; sig, significant.](JAH3-8-e011484-g006){#jah33949-fig-0006}

Further, to confirm that the dex‐induced changes in the transcriptome and hypertrophic phenotype were mediated by GR, we silenced endogenous GR using adenovirus expressing shRNA against GR before treating cardiomyocytes with dex for 1 or 24 hours. As expected, we observed a blunted dex response with respect to expression of the target genes (Figure [7](#jah33949-fig-0007){ref-type="fig"}A) and cardiomyocyte hypertrophy (Figure [7](#jah33949-fig-0007){ref-type="fig"}B and C). These results indicate that the GR‐dependent change in transcriptome contributes to development of dex‐induced cardiomyocyte hypertrophy.

![Dexamethasone‐mediated change in cardiomyocyte gene transcription and morphology are GR‐dependent. **A**, Isolated neonatal rat ventricular cardiomyocytes were infected with adenovirus expressing short hairpin RNA against GR (Ad‐siGr) for 24 hours before treatment with dexamethasone for 1 or 24 hours, as indicated. Transcript abundance was measured by qPCR of selected representative genes that show differential regulation at 1 or 24 hours, with or without association with genomic GR binding. Error bars represents SEM, and \* is *p*\<0.05 vs. control and \*\* is *p*\<0.05 vs. respective dex treatment. **B**, Isolated neonatal rat ventricular cardiomyocytes plated on glass slides were treated with Ad‐siGr for 24 hours before dexamethasone treatment for 24 hours. Slides were fixed and stained for α‐actinin or DAPI. Scale bar 10 μmol/L. **C,** Graph represents cardiomyocyte area as measured using ImageJ software, tabulated and graphed to show change in cell size with treatments, as indicated. Ad‐siLUC indicates adenovirus expressing short hairpin RNA against luciferase (LUC); Dex, dexamethasone; GR, glucocorticoid receptor; qPCR, quantitative polymerase chain reaction.](JAH3-8-e011484-g007){#jah33949-fig-0007}

Ingenuity Pathway Analysis of Dex‐Regulated Genes in Cardiomyocytes {#jah33949-sec-0028}
-------------------------------------------------------------------

We analyzed the RNAseq data using Ingenuity Pathway Analysis software (IPA, Qiagen, Hilden, Germany) for associated signaling pathways and networks. As seen with DAVID analysis, the 1‐hour time point showed mostly genes that were involved in transcriptional regulation. Figure [S9](#jah33949-sup-0001){ref-type="supplementary-material"}A shows a network of genes that regulate transcription, along with their subcellular localization, and change with dex versus control (green is decreased, red increased). Interestingly, almost all genes that have been predicted to inhibit transcription (shown with blue dotted lines) are decreased with dex (Figure [S9](#jah33949-sup-0001){ref-type="supplementary-material"}A), suggesting overall transactivation of transcriptome. We did a similar analysis of the genes that showed differential regulation after 24 hours of dex compared with control cardiomyocytes. IPA listed these genes as involved in cardiac hypertrophy, cardiac failure, cardiac necrosis/cell death, and toward the top of the toxicity list (Figure [S9](#jah33949-sup-0001){ref-type="supplementary-material"}B). IPA toxicity analysis links data to clinical pathology end points using custom toxicity lists and functional groups, thus predicting the association of genes with the relevant clinical pathologies. The figure also shows the top 20 from the list as a bar graph, where a higher --log(*P*‐value) indicates higher significant association, with threshold *P*=0.05 (Figure [S9](#jah33949-sup-0001){ref-type="supplementary-material"}B). We generated a network using the genes categorized under cardiac hypertrophy, which showed "enlargement of heart" as the first group with 54 genes, followed by heart failure, cardiac dysfunction, and infarction (Figure [S9C and S9](#jah33949-sup-0001){ref-type="supplementary-material"}D, top table). Cardiovascular disease was also listed second in the list for the top diseases and disorders that were associated with the genes that showed change after 24 hours with dex (Figure [S9](#jah33949-sup-0001){ref-type="supplementary-material"}D, middle table). IPA analysis listed cardiovascular system development and function on top of the list with 201 genes, followed by organismal development and survival, and skeletal and muscular system development for physiological system development and function (Figure [S9](#jah33949-sup-0001){ref-type="supplementary-material"}D, lower table).

In Vivo Dex Injection Results in Similar Transcriptional Changes in Mouse Hearts as Seen in Isolated Cardiomyocytes {#jah33949-sec-0029}
-------------------------------------------------------------------------------------------------------------------

To examine the effects of dex‐induced GR‐mediated transcriptional changes in vivo, we administered mice with dex (10 mg/kg) via intraperitoneal injections. There was no obvious increase in heart weight/body weight or tibia length after 1 or 24 hours of dex injections (Figure [S8](#jah33949-sup-0001){ref-type="supplementary-material"}D), and no significant increase was observed in *Myh7*; there was a slight but significant decrease in *Myh6* only after 24 hours (Figure [S8](#jah33949-sup-0001){ref-type="supplementary-material"}E). We confirmed increase in nuclear GR with dex by Western blotting (Figure [8](#jah33949-fig-0008){ref-type="fig"}A and [8](#jah33949-fig-0008){ref-type="fig"}B). Not surprisingly, we observed similar transcriptional changes in hearts treated with dex as seen in isolated cardiomyocytes. Significant increases were seen in genes that showed differential regulation in cardiomyocytes after Dex treatment (Figure [8](#jah33949-fig-0008){ref-type="fig"}C), and genes involved in basic cellular processes showed modest changes in transcript levels, mimicking our in vitro results from cardiomyocytes treated with dex (Figure [8](#jah33949-fig-0008){ref-type="fig"}D).

![Dexamethasone injections result in similar transcriptional changes in mouse hearts as seen in isolated cardiomyocytes. **A**, Western blotting showing GR expression and translocation in mouse hearts after intraperitoneal injections of dexamethasone (10 mg/kg) for 1 or 24 hours. GAPDH and histone 2b were used for compartment specificity and as loading controls. Control n=3, dexamethasone injections n=4, each time point. **B**, Graph represents GR signal intensity normalized to the respective loading controls and presented as relative to the compartmental control samples. Control n=3 and Dex injections n=4, each time point. **C** and **D**, Transcript abundance of selected genes as measured by qPCR in hearts treated with dexamethasone for 1 or 24 hours. Error bars represent SEM, \**P*\<0.05 compared with control, n=3 (control), 4 (dexamethasone, each time point). Dex indicates dexamethasone; GR, glucocorticoid receptor; H2b, histone 2b; qPCR, quantitative polymerase chain reaction.](JAH3-8-e011484-g008){#jah33949-fig-0008}

Based on our results, we conclude that dex treatment in cardiomyocytes initially (1 hour) causes a change in the expression of genes that are mostly direct GR targets (68 out of 98), of which at least 37% are known transcriptional regulators. After 24 hours, 54% of differentially regulated genes are not associated with GR genomic binding and could be indirect GR targets or secondary to developing hypertrophy. These changes in transcriptome induce and contribute to the GR‐dependent cardiomyocyte hypertrophy.

Discussion {#jah33949-sec-0030}
==========

Gcs, "stress hormones" secreted from the adrenal cortex, affect almost all tissues by acting as a ligand to nuclear receptor subfamily 3, group C, member 1 to mediate transcriptional changes of target genes. High levels of circulating corticosteroids due to an increase in endogenous secretion or exogenous administration for long periods can lead to the condition known as Cushing syndrome or hypercortisolism, which is characterized by hypertension, obesity, diabetes mellitus, weak and atrophic muscles, along with other physical manifestations.[43](#jah33949-bib-0043){ref-type="ref"} Case studies have shown congestive cardiac failure with left ventricular hypertrophy and dysfunction in these individuals, with reversal of the observed phenotype following correction of hypercortisolism.[44](#jah33949-bib-0044){ref-type="ref"}, [45](#jah33949-bib-0045){ref-type="ref"}, [46](#jah33949-bib-0046){ref-type="ref"}, [47](#jah33949-bib-0047){ref-type="ref"} Synthetic corticosteroids are frequently used in clinics as potent anti‐inflammatory agents, with treatment schedules extending from single doses to extended periods of time. Although the contribution of Gcs in development and disease has been studied before, the advent of new, advanced genome‐wide sequencing technologies has allowed a more detailed examination of the downstream targets, transcriptional changes, and the phenotypic outcome of Gc‐GR signaling. In this study we examined GR signaling in cardiomyocytes using high‐throughput GR ChIP and RNA sequencing on the cardiac genome and resulting changes in the transcriptome. Here we report the full array of target genes that are regulated with dex treatment along with GR genomic binding dynamics.

Our GR ChIP‐Seq data identified 11 658 active regions/binding sites correlating with 7080 genes, of which 6482 genes show \>2‐fold change in GR peak value in the cardiac genome after dex treatment for 1 hour compared with control. These data are in agreement with reports in mouse mammary cells and pituitary AtT‐20 cells showing 8236 binding sites after 1 hour of dex[33](#jah33949-bib-0033){ref-type="ref"} and A549 human lung epithelial cells with 4392 and 29 432 sites after 1 and 3 hours of dex, respectively.[34](#jah33949-bib-0034){ref-type="ref"}, [35](#jah33949-bib-0035){ref-type="ref"} We speculate that the difference in number of sites identified could be due to differences in chromatin accessibility in terminally differentiated cardiomyocytes versus proliferating cell lines, or it may be due to technical differences in ChIP reaction or depth of sequencing. A recent study examined co‐occupancy of cardiac transcription factors in HL1 cells, which showed number of peaks ranging from 56 362 for TBX5 to 1339 for Mef2A.[48](#jah33949-bib-0048){ref-type="ref"} Therefore, even with large coverage and binding regions in the cardiac genome, Glucocorticoid Response Element (GRE) is not the top predicted transcription factor binding site.

Our RNAseq data also agree with the study in A549 cells, where Reddy et al saw differential regulation of 209 genes after 1 hour of dex and identified mostly genes involved in transcription regulation from the pol II promoter, apoptosis, anatomical structural development, and regulation of gene expression.[34](#jah33949-bib-0034){ref-type="ref"} Our RNAseq data with the 24‐hour time point identified novel genes involved in growth‐related signaling pathways, such as calcium signaling or regulation of actin cytoskeletal regulation, that contribute to the hypertrophic phenotype along with other known hypertrophic pathways. In 2012 Ren et al examined genes regulated by dex treatment after 6, 24, and 48 hours in H9c2 cells cultured under serum and serum‐free conditions by microarray analysis.[10](#jah33949-bib-0010){ref-type="ref"} In contrast to our results, which showed changes in transcript levels of 695 genes, microarray data in the Ren et al study showed differential regulation of 4793 genes and 2454 genes after the 24‐hour time point in serum or serum‐free conditions, respectively, of which 48 genes were associated with cardiac hypertrophy signaling by Ingenuity pathway analysis.[10](#jah33949-bib-0010){ref-type="ref"} We confirmed the increase in 18% of these 48 genes in our neonatal rat cardiomyocytes treated with 24 hours of dex by RNAseq. We believe that the cell type, nature of culturing conditions and treatments, and the method of transcriptome analysis could explain the difference in the data output, however, we did observe the same phenotype of increase in cell size after 24 hours of dex treatment. Cardiac‐specific GR knockout mice develop left ventricular dilatation, atrial thrombosis and fibrosis, and systolic dysfunction as early as 3 months of age with development of fulminant cardiac failure by 6 months, indicating that Gc‐GR signaling is essential for the prevention of heart disease.[14](#jah33949-bib-0014){ref-type="ref"} This agrees with the critical role of glucocorticoid signaling at birth, where Gc mediates the switch of heart growth from cardiomyocyte proliferation to hypertrophy.[7](#jah33949-bib-0007){ref-type="ref"}

This is the first study correlating GR ChIP‐Seq and RNAseq data in cardiomyocytes, through which we have identified novel genomic targets of GR in cardiomyocytes after 1 and 24 hours of dex. An interesting observation was that a majority of genes (88.61%) with GR association did not show a significant change in transcript abundance. These data agree with results by Vockley et al, who used a reporter assay to show that 84% of the gGRb results in a modest change in reporter activity.[35](#jah33949-bib-0035){ref-type="ref"} Gene ontology categorized these genes as those that are involved in basic cellular processes and expressed constitutively in cardiac cells under physiological and hypertrophic conditions, which is noteworthy because our previous study in mice showed similar changes in these genes mediated by promoter clearance of paused RNA pol II in hypertrophied hearts compared with sham.[26](#jah33949-bib-0026){ref-type="ref"} Although we did confirm a decrease in promoter RNA pol II occupancy with dex treatments in representative genes, which suggests clearance of paused RNA pol II, further examination of genome‐wide pol II occupancy and epigenetic changes is needed to verify the proposed mechanisms of regulation of these genes with gGRb but modest changes in transcription. Promoter proximal RNA pol II pausing has been shown to be widespread as a rate‐limiting step for transcription.[26](#jah33949-bib-0026){ref-type="ref"}, [49](#jah33949-bib-0049){ref-type="ref"}, [50](#jah33949-bib-0050){ref-type="ref"} Thus, GR association to these genes might be regulating this transcriptional mode, resulting in small changes in transcriptional output that may be required, and might contribute to cardiomyocyte hypertrophy.

We identified several novel direct and secondary targets of GR in cardiomyocytes, such as *Abra1, Klf10,* and *Lrrc10,* along with several others that have not previously been associated with Gc‐GR signaling, to the best of our knowledge. *Abra1* (the gene encoding actin‐binding rho‐activating protein), also known as Myocyte Stress‐1 (MS1) or striated muscle activator of Rho signaling, was identified as a gene that is highly expressed in muscle within 4 hours of pressure overload, before an actual increase in heart weight, which suggests a role in the induction of cardiac hypertrophy.[39](#jah33949-bib-0039){ref-type="ref"} Subsequent studies further confirmed the role of *Abra1* in the development of cardiac and skeletal muscle hypertrophy when these are subjected to work overload, where the gene mediates nuclear translocation of serum response factor coactivators, myocardin‐related transcription factors A and B.[51](#jah33949-bib-0051){ref-type="ref"}, [52](#jah33949-bib-0052){ref-type="ref"} Our data show that *Abra1* increases significantly after 1 and 24 hours of dex compared with control cardiomyocytes. Kruppel‐like factor 10 (*Klf10*), also known as TGFβ‐inducible early gene‐1, is a member of zinc finger family Kruppel‐like transcription factors. *Klf10* functions as a tumor suppressor and antiproliferative in cancer cells.[40](#jah33949-bib-0040){ref-type="ref"} *Klf10*‐knockout male mice develop cardiac hypertrophy and fibrosis by 16 months of age.[53](#jah33949-bib-0053){ref-type="ref"} *Klf10* mutations have also been associated with the development of hypertrophic cardiomyopathy in humans, which mimics the phenotype observed in knockout mice with respect to late onset.[54](#jah33949-bib-0054){ref-type="ref"} We see an early decrease in *Klf10* after 1 hour of dex, which returns to normal levels by 6 hours and is maintained at 24 hours, suggesting a role in induction of cardiomyocyte growth. Studies have also shown involvement of other genes that are regulated as early as 1 hour, such as *Pdk4* [41](#jah33949-bib-0041){ref-type="ref"} and *Sgk1,* [42](#jah33949-bib-0042){ref-type="ref"} in the development of hypertrophic cardiomyopathy. With respect to the 24‐hour time point, functional annotation of our data revealed change in growth‐related pathways involving a network of several genes that are involved in the development of hypertrophy and failure.

In conclusion, in this study we have systematically characterized GR signaling and the resulting change in the transcriptome in cardiomyocytes. Moreover, we have identified known and novel targets of activated GR in cardiomyocytes, which play a role in the development of dex‐induced cardiomyocyte hypertrophy.
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###### 

**Figure S1.** Isolated adult mouse ventricular cardiomyocytes treated with Dex exhibit GR nuclear translocation and cardiomyocyte hypertrophy. **A**, Cardiomyocytes were treated with ethanol (control) or Dex (100 nmol/L) for increasing time periods of 1 or 24 hours, as indicated. Cardiomyocytes were fixed and stained for GR (red) and DAPI (blue). Scale bar 10 μmol/L. **B**, Isolated cultured adult mouse cardiomyocytes were treated with ethanol or Dex for 24 hours. Phase contrast images are shown for cell size and quality of cardiomyocytes. **C**, ImageJ was used to measure cardiomyocyte surface area from 2 independent cultures, tabulated and graphed as a box plot using Prism7 (GraphPad, La Jolla, CA). \**P*\<0.05. Dex indicates dexamethasone; GR, glucocorticoid receptor.

**Figure S2**. GR binding and distribution across cardiac genome in neonatal cardiomyocytes treated with Dex. **A**, Heatmap showing the tag distributions across active regions (values in z‐axis/color, active regions in y‐axis) in control, Dex‐treated, and input samples. The data are presented in 5 clusters (default), C1 to C5, and sorted. **B**, Average plots of tag distributions of active regions at the transcription start site (TSS), and gene bodies are shown for control (red), Dex‐treated (blue), and input sampled (green). **C**, MEME/TOMTOM motif search identifies GRE in the top 1000 peaks from GR ChIP‐Seq. **D**, Pie chart showing the percentage of genes associated with a single active region (AcR), which represents genomic GR binding site vs multiple AcRs. **E**, Pie chart showing locations of GR binding peaks relative to genomic annotations is presented as observed in control and Dex‐treated samples. Dex indicates dexamethasone; GR, glucocorticoid receptor;

**Figure S3**. Genes differentially regulated after 1 hour of Dex treatment in neonatal cardiomyocytes. **A**, Chart showing genes that are regulated after 1 hour of Dex treatment with and without GR binding. Log2‐fold change (Log2FC) is shown for GR ChIP‐Seq and RNAseq data. Color scheme shows the increase (green) or decrease (red) with the color intensity corresponding to the Log2FC values. Because some genes have multiple GR binding sites, the average peak values are shown for the gene and the active region with highest peak value. Dex indicates dexamethasone; GR, glucocorticoid receptor; Log2FC, log2‐fold change.

**Figure S4**. Functional annotation of genes regulated after 1 hour of Dex in neonatal cardiomyocytes using DAVID Bioinformatics Resources. Genes differentially regulated after 1 hour of Dex treatment were uploaded onto the DAVID Bioinformatics Resources for functional annotation. The screenshot shows the top 38 GOTERM identified by DAVID. DAVID indicates Database for Annotation, Visualization and Integrated Discovery; Dex, dexamethasone;

**Figure S5**. Genes differentially regulated after 1 hour of Dex treatment with no GR association in neonatal cardiomyocytes. **A**, Graph represents genes that show significant differential regulation at 1 and 24 hours of Dex treatment but are not associated with genomic GR binding. **B**, Integrated genomic viewer (IGV) screenshots of selected representative genes with aligned RNAseq and GR ChIP‐Seq data, after Dex treatment compared with control (ethanol) cardiomyocytes. Arrows indicate the direction of transcription of those genes, and numbers in brackets in the Y axis indicate the values on signal tracks for GR ChIP‐Seq and RNAseq for each gene. The values were kept the same within the samples for each gene. **C**, Transcript abundance of selected genes as measured by qPCR in cardiomyocytes treated with Dex for 1, 6, or 24 hours. Error bars represent SEM, \**P*\<0.05 compared with control, n=3. **D**, Functional annotation of genes that showed significant differential regulation after 1 hour of Dex treatment and were not associated with GR, analyzed using the DAVID Bioinformatics Resources. ChIP‐Seq indicates chromatin immunoprecipitation sequencing; DAVID, Database for Annotation, Visualization and Integrated Discovery; Dex, dexamethasone; GR, glucocorticoid receptor; qPCR, quantitative polymerase chain reaction; RNAseq, RNA sequencing.

**Figure S6**. Functional annotation of gene regulation after 24 hours of Dex in neonatal cardiomyocytes using the DAVID Bioinformatics Resources. Genes differentially regulated only at the 24‐hour time point after Dex treatment compared with control cardiomyocytes were uploaded onto DAVID Bioinformatics Resources for functional annotation. The screenshot shows the 42 pathways associated with the genes as identified by the KEGG pathway. DAVID indicates Database for Annotation, Visualization and Integrated Discovery; Dex, dexamethasone; KEGG, Kyoto Encyclopedia of Genes and Genomes.

**Figure S7**. Functional annotation of genes with associated GR binding but no significant change in transcript abundance. Genes that were associated with GR binding but did not show significant differential change in transcript abundance on RNAseq were loaded onto DAVID Bioinformatics Resources for functional annotation. Screenshot shows top 48 pathways associated with genes as identified KEGG pathways. DAVID indicates Database for Annotation, Visualization and Integrated Discovery; Dex, dexamethasone; KEGG, Kyoto Encyclopedia of Genes and Genomes; RNAseq, RNA sequencing.

**Figure S8**. **A**, Screenshot of representative genes from RNA pol II ChIP‐Seq data in mice subjected to sham or TAC operations, showing promoter‐paused RNA pol II peaks (red arrows) in sham hearts vs promoter clearance of these peaks (green arrow) in TAC hearts. **B**, RNA pol II occupancy and dynamics on genes after sham or TAC operations in mice that show significant change in transcript abundance in neonatal cardiomyocytes after Dex. These data have been described in detail in a previous publication^27^ and have been uploaded to GEO series GSE50637. **C**, RNA pol II--ChIP‐qPCR was performed encompassing transcription start sites (TSS) for *Trapp6b* and *Mapk1*. The graph shows relative fold enrichment of bound RNA pol II IgG at TSS with Dex treatments for 1 hour or 24 hours vs control. Error bars represent SEM, \**P*\<0.05. **D**, Graph represents heart weight (HW) to body weight (BW) or tibia length (TL) ratio from mice injected with dexamethasone for 1 or 24 hours. **E**, Graph represents relative *myh6* (α‐myosin heavy chain) and *myh7* (β‐myosin heavy chain) transcript abundance in mouse hearts injected with dexamethasone for 1 or 24 hours, as indicated. Error bars for **C** and **D** indicate SEM, and \**P*\<0.05. n=3 to 4. ChIP‐Seq indicates chromatin immunoprecipitation sequencing; Dex, dexamethasone; qPCR, quantitative polymerase chain reaction;

**Figure S9**. Pathway analysis confirms Dex induction of cardiac hypertrophy‐related genes. **A**, Genes involved in a transcription network and differentially regulated after 1 hour of Dex treatment vs control cardiomyocytes are presented as generated by Ingenuity Pathway Analysis (IPA, Qiagen, Hilden, Germany) software and with respect to their subcellular localization. **B**, Screenshot of IPA‐Tox list from IPA Software showing the genes that may be involved in toxicity function among the genes regulated after 24 hours of Dex vs controls. The top 20 of the list are shown in the graph, where the X axis represents the functional list, and the Y axis is --log(*P*‐value). The higher the --log(*P*‐value), the more significant the association is. The threshold is *P*=0.05, and the ratio shown is the extent of overlap of data with the Tox list. The top 5 from the graph are shown in the table below, with *P* values. **C**, Genes differentially regulated after 24 hours of Dex treatment vs control and identified by IPA as involved in enlargement of the heart are presented as a network generated by IPA Software. Enlargement of the heart (cardiac enlargement) was identified as the first category in the cardiac hypertrophy list. **D**, Tables showing the top Tox cardiotoxicity‐related function, top diseases and disorders, and top physiological systems' development and function. The tables include the names, *P*‐values, and number of genes (\#molecules) associated. Genes differentially regulated only at the 24‐hour time point with Dex treatment vs control were used for these analyses. Dex indicates dexamethasone.
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Click here for additional data file.
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**Table S1.** List of Taqman qPCR assays. The table list the assays used for qPCR of genes, as indicated. The List also shows the assay ID used for ordering Taqman assays from ThermoFisher Scientific.
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Click here for additional data file.

###### 

**Table S2.** Genes with differential regulation after 1hr or 24hrs of Dex treatments in cardiomyocytes.

###### 

Click here for additional data file.

###### 

**Table S3.** List of genes that show differential regulation after 24hrs of Dex treatment in cardiomyocytes.

###### 

Click here for additional data file.
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